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Summary

N-terminal signal sequences mediate targeting of na-
scent chains to the endoplasmic reticulum and facili-
tate opening of the protein translocation channel to
the passage of substrate. We have assessed each of
these steps for a diverse set of mammalian signals.
While minimal differences were seen in their targeting
function, signal sequences displayed a remarkable de-
gree of variation in initiating nascent chain access
to the lumenal environment. Such substrate-specific
properties of signals were evolutionarily conserved,
functionally matched to their respective mature do-
mains, and important for the proper biogenesis of
some proteins. Thus, the sequence variations of sig-
nals do not simply represent functional degeneracy,
but instead encode critical differences in translocon
gating that are coordinated with their respective pas-
sengers to facilitate efficient translocation.

Introduction

Segregation of secretory and membrane proteins into
the mammalian secretory pathway is mediated by signal
sequences that perform two principal functions. The
first is to direct targeting of nascent proteins to sites of
translocation at the endoplasmic reticulum (ER) mem-
brane (reviewed in Walter and Johnson, 1994; Rapoport
et al., 1996; Johnson and van Waes, 1999). As a signal
sequence emerges from the ribosome, it is recognized
and bound by signal recognition particle (SRP). The ribo-
some nascent chain-SRP complex is then targeted, via
an interaction with the SRP receptor, to a Sec61p-con-
taining translocation channel.

The second, more recently appreciated function of
signal sequences is in mediating the opening of the
translocation channel to the lumenal environment (Si-
mon and Blobel, 1991; Crowley et al., 1994; Jungnickel
and Rapoport, 1995; Hanein et al., 1996). Shortly after
targeting, three biochemically discernable reactions,
each dependent on a signal sequence, occur in succes-
sion: (1) high-salt-resistant binding of the ribosome to
the translocon, thought to signify insertion of the na-
scent chain into the translocation site, (2) formation of
a tight seal between the nascent chain exit tunnel in the
ribosome and the translocon, and (3) opening of the
translocation channel toward the lumen. This series of
steps has three important functions. First, by sealing
the cytosolic side of the translocon before opening the

'Correspondence: hegder@mail.nih.gov

lumenal side, the permeability barrier of the ER mem-
brane can be maintained during the initial stages of
translocation (Crowley et al., 1994). Second, recognition
of signals at the translocon may improve fidelity of sort-
ing by effectively “proofreading” a signal sequence be-
fore the substrate is allowed to begin translocation
(Jungnickel and Rapoport, 1995). And third, completion
of these steps results in the formation of a continuous
conduit for the nascent chain from the peptidyl trans-
ferase center within the ribosome to the ER lumen
(Crowley et al., 1993, 1994; Beckmann et al., 1997).

At present, it is not clear whether the same features
of a signal sequence that mediate SRP-dependent tar-
geting are also recognized by the translocon. Statistical
analyses of signal sequences have revealed that they
share little or no sequence homology between sub-
strates (von Heijne, 1985). The only consistently recog-
nizable motif common among signals is a hydrophobic
core of at least six amino acids. Aside from this, signal
sequences are remarkably diverse even with respect to
general features such as length, overall hydrophobicity,
and net charge (von Heijne, 1985; Zheng and Gierasch,
1996). This long-standing observation has raised two
puzzling questions. First, how can such a degenerate
feature be exploited to achieve a high fidelity of sorting?
And second, why are signals so complex and diverse,
when in principle, protein segregation could be accom-
plished by a much smaller and specific sequence? In-
sight into the first question has been steadily growing
with the identification and characterization of the protein
targeting and translocation machinery that recognizes
signal sequences (Bernstein et al., 1989; Jungnickel and
Rapoport, 1995; Keenan et al., 1998; Mothes et al., 1998;
Batey et al., 2000). In contrast, a satisfactory answer to
the second question has been lacking.

Two general possibilities exist for explaining signal
sequence diversity. It is plausible that the primary se-
quence requirements for signal sequence function are
sufficiently degenerate that there is little evolutionary
pressure to maintain a specific sequence. Thus, as long
as certain general features such as hydrophobicity are
maintained, polymorphic changes within the signal
might be readily accommodated without changes in
function. Alternatively, signal sequences may be func-
tionally distinct in ways that are optimized for their sub-
strate. In this view, the sequence diversity would not
be due to random variations from a lack of selective
pressure, but instead due to the diversity of secretory
and membrane proteins for which these signals have
been optimized. How might these possibilities be distin-
guished? If indeed the diversity of signal sequences
reflects a substrate specificity, then one might anticipate
the following findings. First, substantial differences
should be detectable in at least some aspects of signal
sequence function for different substrates. Second, the
functional features peculiar to a given substrate should
be evolutionarily conserved to match the conservation
of the mature protein. And third, alterations of the con-
served feature, even within the range observed for other
normal signal sequences, should result in a substantial
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Figure 1. Identification of Signal Sequence Mutants Selectively De-
fective in Translocon Gating

(A) Sequence of the wild-type and mutant PrP signal sequences,
with mutations indicated in bold type.

(B) Nascent chains of 91 residues of various signal mutants were
synthesized in the absence or presence of RMs as indicated, and
subjected to crosslinking with disuccinimidyl suberate (a homobi-
functional amine-reactive crosslinker) as described in Experimental
Procedures. The positions of crosslinks to SRP54 and Sec61« (veri-
fied by immunoprecipitation; data not shown) are indicated.

(C) 91-mer nascent chains of various signal mutants were synthe-
sized in the presence of RMs, the samples adjusted to high salt
(0.5 M KAc), and the RMs isolated by sedimentation. An equivalent
amount of the total translated material (T), isolated membrane pellet
(P), and supernatant (S) were analyzed.

(D) Translocation intermediates of 112 residues were prepared, iso-
lated after high-salt treatment as in (C), and subjected to crosslinking
with disuccinimidyl suberate as in (B). Following crosslinking, sam-
ples were fractionated into lumenal (L) and membrane (M) proteins
prior to analysis. The positions of crosslinks to ubiquitous and pan-
creas-specific protein disulfide isomerases (PDI/PDIp) and Sec61a
are indicated. The asterisk indicates the position of residual tRNA-
associated translation product that was also seen in the absence
of crosslinker (data not shown).

(E) Salt-resistant 112-mer translocation intermediates of the PrP
signal mutants and the 86-mer of preprolactin were prepared as in
(D), and then treated with 1 mM puromycin to release the nascent
chains from the ribosomes. Translocation into the lumen was as-
sessed by digestion with proteinase K (PK) as indicated. The lower
band observed with the wt, N9, N4, and Prl samples represents

and discernable consequence for the protein’s biogene-
sis. In order to examine these ideas experimentally, sen-
sitive and specific assays of different aspects of signal
sequence function are required. In this study, we have
taken advantage of recent insights into the role of signal
sequences in prion protein (PrP) biogenesis (Kim et al.,
2001; Rutkowski et al., 2001) to devise an assay to quan-
titatively measure differences in the posttargeting func-
tions of signal sequences from a variety of substrates.
This has allowed us to explore the question of whether
the sequence diversity of signal sequences reflects
physiologically relevant functional differences.

Results

Identification of Signal Sequence Mutants that
Selectively Affect a Posttargeting Function

To aid in developing a simplified assay for signal se-
quence functions, we took advantage of a series of point
mutants in the signal sequence of the prion protein (PrP)
that were generated for another study (Kim et al., 2001).
These PrP signal mutants (Figure 1A) were compared
by several assays that used short nascent chain interme-
diates (of less than 112 amino acids) to examine the
early stages of their translocation. It is important to note
that the only topogenic element in these translocation
intermediates is the signal sequence; the potential trans-
membrane domain (TMD) of PrP (residues 113-135) has
not been synthesized yet. In the first assay, nascent
chain intermediates of 91 amino acids were compared
by crosslinking assays in the presence and absence of
rough microsomal membranes (RMs). Figure 1B shows
that, with the exception of the N3a mutant, all of the
signals crosslinked to SRP54 in the absence but not
the presence of RMs. In the presence of RMs, all of
the constructs (except N3a) were seen crosslinking to
Sec61a (see also Figure 1D).

Next, we assessed whether these translocation inter-
mediates had bound to RMs in a salt-resistant manner.
Several previous studies have shown that upon initial
transfer to the translocation channel, nascent chains
are bound in a salt-sensitive manner (Jungnickel and
Rapoport, 1995; Zheng and Nicchitta, 1999). Only after
additional chain synthesis (beyond approximately 60 to-
tal amino acids in the case of prolactin) is the nascent
chain bound in a salt-resistant manner that is dependent
on a functional signal sequence. Analysis of 91 amino
acid translocation intermediates of the signal mutants
revealed that with the exception of N3a, all of them
were bound to the membrane in a salt-resistant manner
(Figure 1C). N3a was extracted to a substantial degree
with high salt, comparable to the negative control Glob-
PrP (in which the signal sequence of PrP is replaced
with the first 22 amino acids from the cytosolic protein
globin). Together with Figure 1B, these data suggest
that each of the signal mutants except N3a is functional
in directing SRP-mediated targeting, transfer to a

signal-cleaved nascent chains. Note that the N7a mutant (identified
inadvertently as a mutant of N7) was found to behave essentially
identically to N2 by the assays in (B)-(E) (data not shown).
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Sec61a-containing translocon, and high-salt-resistant
insertion of nascent chains into the translocation site.

The subsequent step in translocation, also dependent
on a functional signal sequence, is opening of the chan-
nel toward the ER lumen to allow passage of the nascent
chain. In the present study, we define this step opera-
tionally as gating of the translocon because it is the step
at which an initially closed channel is opened to the
passage of substrate. Thus, our definition of gating is a
functional one from the standpoint of substrate translo-
cation, and differs from approaches employing the pas-
sage of ions or small molecules to infer the state of the
translocon. Although it is likely that the step at which
the translocon is open to ions (Crowley et al., 1994) is
similar to or the same as the step at which it is open to
substrate (Jungnickel and Rapoport, 1995), it is worth
emphasizing that the latter is being measured in the
experiments that follow.

To assess whether these signal mutants gate the
translocon with equal efficiency, we utilized two assays:
crosslinking and translocation. Crosslinking to lumenal
chaperones was used to determine whether the N termi-
nus of 112 amino acid translocation intermediates of
each of these mutants had access to the lumenal envi-
ronment. Upon comparison of the different signal mu-
tants, we found that translocation intermediates con-
taining the wild-type, N9 and N4 signal sequences each
crosslinked efficiently to the lumenal chaperone PDI
(and/or the pancreatic homolog PDIp; Volkmer et al.,
1997; Figure 1D). By contrast, crosslinking to PDI was
markedly reduced for the N2 and N7 signal-containing
translocation intermediates. All of these signals, how-
ever, crosslinked equally well to Sec61a, showing that
they were all docked at the translocation channel. These
results demonstrate that the wild-type, N9 and N4 sig-
nals have gated the translocon to provide access of the
nascent chain to the lumenal environment. By contrast,
the reduced crosslinking efficiency to the N2 and N7
signals is consistent with a reduced gating efficiency
for these mutants.

To assess gating functionally, we determined whether
these same translocation intermediates were competent
for translocation into the lumen upon release with puro-
mycin. Consistent with the crosslinking results, we
found that the wt, N9, and N4 signals, but not the N2
and N7 signals, were translocated into the lumen upon
release with puromycin (as assessed by protection from
exogenous protease digestion; Figure 1E). This is ex-
actly what is seen for the positive control, an early trans-
location intermediate of preprolactin (Figure 1E). These
results suggest that at this point in biogenesis, the N2
and N7 signal sequences had not opened the transloca-
tion channel to substrate as efficiently as the wild-type,
N9 and N4 signals.

Along with the results from Figures 1B-1D, these data
allow the discrimination of the various signal mutants
into three classes: those that are nonfunctional for tar-
geting (N3a and Glob-PrP), those that target and achieve
high-salt-resistant binding but are diminished in their
capacity to gate the translocon (N2 and N7), and those
that carry out both of these steps efficiently (wt, N9, and
N4). In addition to these mutants, previously described
mutants of the prolactin (Prl) signal sequence (Jung-
nickel and Rapoport, 1995; Voigt et al., 1996) provide

Table 1. Biochemical Characteristics for Various Native
and Mutant Signal Sequences
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Data for constructs indicated with an asterisk are from a previous
study (Jungnickel and Rapoport, 1995).

one additional class of mutants: a signal sequence that
is able to target to the translocation channel, but does
not achieve high-salt-resistant binding [Prl(A13-15)]. An
additional two amino acid deletion mutant [Prl(A13-17)]
diminishes its targeting capability substantially, while
the wild-type Prl signal carries out both targeting and
gating efficiently (Jungnickel and Rapoport, 1995). To-
gether, these mutants provide a broad range of signal
sequences that differ at each of the several well-defined
stages of signal sequence function (Table 1).

A Simplified Assay for Signal-Mediated

Translocon Gating

We next utilized these mutants to characterize a simpli-
fied assay for signal sequence function in which the final
topology of a reporter protein (Figure 2A) could serve
as a sensitive indicator of whether, earlier in biogenesis,
the signal sequence had properly targeted, achieved
high-salt-resistant binding, and/or gated the translocon.
The reporter, PrP(A120L), is a modified version of PrP
that lacks an N-terminal signal sequence and contains
an alanine-to-leucine substitution within the TMD. This
change increases the hydrophobicity of the TMD and, in
conjunction with the asymmetric distribution of flanking
positively charged residues, should favor membrane in-
tegration in a Ctm orientation (type IlI; N.,/C..; Sipos
and von Heijne, 1993; Hartmann et al., 1989). However,
this TMD is not capable of serving as an efficient tar-
geting signal, either co- or posttranslationally (S.J.K. and
R.S.H., unpublished data), making efficient translocation
of the protein dependent on introduction of an N-termi-
nal signal sequence.

In this strategy (Figure 2B), chains that fail to target
should result in a cytosolic translation product. Similarly,
ribosome nascent chains that weakly or nonspecifically
bind to the translocon in a salt-sensitive manner should,
upon further synthesis, detach from the membrane
(Potter and Nicchitta, 2000), also resulting in a cyto-
solic translation product. By contrast, high-salt-resistant
binding ensures efficient translocation of the reporter,
with its topology dependent on the gating property of
the signal sequence. If signal-mediated gating directs
translocation of the N terminus into the lumen, the com-
pleted protein should achieve the topology of either
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Figure 2. Design and Characterization of an Assay for the Targeting and Gating Functions of a Signal Sequence

(A) Diagram of the PrP(A120L) reporter cassette. Sizes of domains (in amino acids), charged residues flanking the transmembrane domain
(TMD), and restriction sites for insertion of signal sequences are indicated.

(B) Design of topologic assay for cotranslational assessment of targeting and gating functions of signal sequences. In this scheme, a cytosolic
topology is indicative of a failure of the signal sequence to either target (step 1) and/or promote salt-resistant binding to the translocon (step
2). The Ctm topology is indicative of chains whose signal sequences targeted but did not gate the translocon (step 3) before emergence of
the TMD. The Ntm and lumenal topologic forms together indicate chains whose signals targeted and gated the translocon (step 3) prior to
emergence of the TMD.

(C) Characterization of targeting/gating assay using defined wild-type and mutant signal sequences. Constructs containing each of the
indicated signal sequences fused to the PrP(A120L) reporter were translocated and their resultant topologies were d by a prot
protection assay. The sizes of the protease-protected fragments indicative of the three topologic forms (lumenal, Ctm, and Ntm) are indicated.
Prl indicates the wild-type Prl signal, and A13-15 and A13-17 the previously characterized deletion mutants (Jungnickel and Rapoport, 1995).
The wild-type and mutant PrP signals are from Figure 1A.

(D) Quantitation of data from (C). Plotted on the y axis is the sum of nascent chains in the Ntm and lumenal topologic forms (percent of total

synthesized chains).

a lumenal or type | membrane protein (Ntm; N,,/C.,),
depending on whether the TMD integrates into the lipid
bilayer. However, if the signal is either inefficient or suffi-
ciently slow in gating the translocon, the TMD will
emerge from the ribosome while the translocon is still
closed to substrate. In this situation, the modified TMD,
by virtue of its increased hydrophobicity and flanking
charge distribution, has an opportunity to directly inter-
act with the translocon and can become integrated as
a type Il membrane protein (Ctm; N,,/Cey)-

The validity of this strategy was tested with each of
the signal sequence mutants from Table 1 (Figure 2C).
Several observations are noteworthy. First, signal mu-
tants that were either defective in targeting (Glob, N3a,
and A13-17) or achieving high-salt-resistant binding to
the translocon (A13-15) resulted in the reporter being
largely cytosolic. Second, mutants that are able to
achieve high-salt-resistant binding but do not gate the
translocon efficiently by the time 112 amino acids are

synthesized (N7a, N2, and N7; see Figure 1) result in
inefficient translocation of the N terminus, with the topol-
ogy of most chains being Ctm. Third, signal mutants
that are able to gate the translocon by 112 amino acids
of synthesis (wt, N9, and N4) generate lesser amounts of
the Ctm topology, with the majority of chains achieving a
combination of the Ntm and lumenal topologies. Fourth,
the wild-type Prl signal sequence, which has been ex-
tensively studied and demonstrated to gate the translo-
con efficiently by the time ~70-80 amino acids are syn-
thesized (Crowley et al., 1994; Jungnickel and Rapoport,
1995), was seen to result in a minor proportion of chains
in the Ctm topology. Quantitation of the percent of total
chains that are synthesized in the Ntm and lumenal topo-
logic forms (indicative of chains that had gated the
translocon prior to synthesis of the TMD) revealed a
broad range between the signal mutants ranging from
0% for N7a to over 80% for the wild-type Prl signal
sequence (Figure 2D).
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Figure 3. Diversity of Signal Sequence Function at the Translocon
Gating Step

Various mammalian signal sequences (A) were assessed by the
targeting/gating assay utilizing the PrP(A120L) reporter. The autora-
diograph of the topologic analysis and its quantitation for percent
gating (i.e., percent of total chains achieving the Ntm and lumenal
forms) are shown in (B) and (C), respectively. Shown for reference
on the graph are the values for selected PrP point mutants character-
ized in Figure 2.

Functional Diversity of the Gating Function
of Signal Sequences
Having developed and validated a quantitative assay
for the targeting and gating functions of signal se-
quences, we could now ask whether the sequence diver-
sity seen in natural signal sequences also reflects func-
tional differences in either their targeting and/or gating
functions. Analysis of eight signals from a variety of
mammalian secretory proteins (Figure 3A) by the tar-
geting/gating assay revealed a surprising degree of het-
erogeneity (Figure 3B). While the overall translocation
efficiency of all of the constructs was equivalently high
(>90%), the topology achieved by the reporter was dra-
matically different between the different signals. This
suggests that while all of the signals are capable of
efficient targeting and high-salt-resistant binding to the
translocon, they differ substantially in their gating func-
tions.

Quantitation of these data showed that the percent
of Ntm/lumenal forms generated ranged broadly from

~20%-30% (for interferon-y [Ifn-y], angiotensinogen
[Ang], and atrial naturatic peptide) to over 80% for
growth hormone (GH) and Prl signals (Figure 3C). This
range is approximately the same as that seen for the
various mutant signal sequences analyzed in Figure 2
(with the exception of N7a and the targeting-deficient
signals). Together, these data suggest that natural mam-
malian signal sequences, in the context of a defined
reporter protein, differ in their gating properties over a
surprisingly broad range.

Evolutionary Conservation of the Gating Function

of Signal Sequences

We next wished to address whether the diversity of
translocon gating activities observed for different signal
sequences is likely to be of physiologic relevance. To
gaininsight into this question, we first examined whether
the substrate-specific differences between these sig-
nals were evolutionarily conserved for at least some of
the substrates. Such conservation would lend support
to the idea that the differences are physiologically im-
portant and have been maintained by selection. The
second approach (described in a subsequent section)
was to directly examine the consequences for the bio-
genesis of several proteins upon altering the gating
property of the signal sequences used to direct their
translocation.

To examine the evolutionary conservation of signal
sequence function, we used the targeting/gating assay
to assess the signals from multiple mammalian species
for each of several substrates. As can be seen in Figure
4A, the exact sequences, as well as general features
such as length and charge of these signals from the
different species, are conserved to varying degrees.
However, by the functional assay (Figures 4B and 4C),
the gating property of each signal from the different
species was remarkably conserved, supportive of the
idea that the functional features of a signal are matched
to and optimized for the substrate on which it evolved.

If this were the case, the evolutionarily conserved
functional diversity of signals may be a consequence of
the diversity of the mature domains from which they
were taken. Consistent with this idea, we have observed
that the degree of sequence conservation of signals
was remarkably similar to that found for their respective
mature domains, with ~30% of the substrates con-
taining signal sequences that were conserved to the
same or greater degree than the mature domain (Figure
4D). Similarly, Williams et al. (2000) have observed that
the rate of evolution of signal sequences is significantly
slower than expected, and is often correlated with the
rate of evolution of their respective mature domain. Al-
though such sequence correlations may be due to
various reasons, it raised the possibility that substrate-
specific features of a signal are matched with their re-
spective mature domains.

Functional Matching of Signal Sequences

with Mature Domains

While the advantages of an effectively gating signal se-
quence in promoting efficient translocation is apparent,
it is less clear why some substrates appear to contain
a weakly gating signal. One possibility is that certain
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(A-C) The sequences of the signals from multiple mammalian species for each of several proteins are shown (A). These signals were analyzed
by the targeting/gating assay (B) and quantitated (C) to assess their relative gating efficiencies.

(D) Plot of the relative homology of the signal (y axis) versus mature domain (x axis) for 50 independent proteins containing N-terminal signal
sequences for ER targeting. For each protein, a comparison was made between the chicken versus human homologs (open circles) and the

mouse versus human homologs (closed circles).

signals, in combination with their natural mature do-
mains, are able to attain a translocation-competent con-
formation (e.g., a “loop”) that is not properly achieved
in a heterologous context. Thus, a signal and mature
domain may be matched to contain specific sequence
elements that are sensitive to perturbation. Alternatively,
some mature domains may contain structural features
that allow it to be effectively translocated by a weakly
gating signal sequence, while other mature domains
may absolutely require an effectively gating signal for
efficient translocation. In this view, the signal and mature
domain are matched functionally, and are not necessar-
ily constrained by specific sequences.

To investigate these ideas, we first determined
whether, in fact, matching of a mature domain with its
appropriate signal sequence influences the initiation of
translocation for weakly gating signal sequences. We
found that for the Ang and Ifn-y signal sequences, trans-
location of the N terminus was substantially improved
when the signal sequence was followed by a portion of
its own mature domain (62 residues long) instead of
the corresponding PrP mature domain of the reporter

construct (Figure 5A). By contrast, an effectively gating
signal (from Prl) directed efficient translocation of the N
terminus regardless of the mature domain following it.
Thus, the weakly gating signals from Ang and Ifn-y are
able to initiate translocation of the Ang and Ifn-y mature
domains more efficiently than the PrP mature domain.
As discussed above, this might be due to functional
matching of a weakly gating signal with an “easy-to-
translocate” mature domain, or to matching of specific
sequence elements that allow the formation of a particu-
lar conformation.

To distinguish between these two possibilities, we
determined whether the Ang mature domain could be
efficiently translocated by a different weakly gating sig-
nal of unrelated sequence. We therefore compared the
ability of the weakly gating N7 and the more efficiently
gating N9 signals to translocate the Ang, PrP, and Prl
mature domains (Figure 5B). The N7 signal was able to
translocate the Ang mature domain more efficiently than
the Prl or PrP mature domains. By contrast, the N9 signal
could translocate the Ang, PrP, and Prl mature domains
with comparably high efficiencies. Taken together, these
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Figure 5. Functional Matching of the Signal Sequence and Mature
Domain

(A) The Ang, Ifn-v, or Prl signals fused to the PrP reporter (from
Figure 3) were modified by replacing the first 62 residues of the PrP
mature domain with the corresponding residues from the mature
domains of Ang, Ifn-y, and Prl, respectively. The translocation of
each of the constructs (diagrammed at left) was analyzed and quan-
titated to determine the efficiency of N-terminal translocation.

(B) The N7 and N9 signals fused to the PrP reporter (from Figure 2)
were modified by replacing the first 62 residues of the PrP mature
domain with the corresponding residues from the mature domains
of Ang or Prl. The translocation of each of the six constructs (dia-
grammed at left) was analyzed and quantitated to determine the
efficiency of N-terminal translocation.

results suggest that mature domains of proteins differ
in the gating requirements of the signals used to translo-
cate them. Mature domains such as Ang are able to be
translocated efficiently with a weakly gating signal (see
also Figure 6), while other mature domains such as Prl
and PrP require strongly gating signals for efficient N-ter-
minal translocation. This interpretation may explain why
the signals of some substrates (such as Prl or PrP) are
evolutionarily conserved to be strongly gating, while
those of other substrates can contain weakly gating
signals. Thus, the naturally evolved matching of signals
and mature domains appears to be functional (from the
standpoint of gating), and not simply in sequence.

Consequences of Inappropriate Gating

for Protein Biogenesis

We next examined the consequences in vivo for several
substrates of altering the gating properties of the signals
used to translocate them. Consistent with the in vitro
analysis in Figure 5, we found that the Ang mature pro-
tein could be efficiently translocated using a variety of

signal sequences (Figure 6A). By contrast, the choice
of signals substantially influenced the proper biogenesis
of PrP, Prl, and GH (Figure 6A), all proteins whose natural
signals are evolutionarily conserved to be strongly gat-
ing (see Figure 4).

In the case of Prl and GH, less efficient translocation
was seen with weakly gating signals than with strongly
gating signals, as evidenced by the generation of precur-
sor with the former but not the latter. Indeed, the majority
of synthesized GH was precursor with all but the most
strongly gating signal sequences (e.g., osteopontin or
PrP, each of which showed little or no precursor). In the
case of PrP, the choice of signal substantially affected
not only the amount of precursor observed but also the
efficiency and pattern of glycosylation. The precursor
that was generated when Prl was fused to the leptin
signal was degraded, as judged by pulse-chase analysis
(Figure 6B). Thus, when fused to a weakly gating signal,
the percent of synthesized Prl that is eventually secreted
is reduced (by ~30%). Qualitatively similar results were
seen with other weakly gating signal fusions to either
Prl or GH (data not shown; Figure 6D). It therefore ap-
pears that for some proteins, changing the signal used
to translocate it can have adverse consequences for
its proper translocation. Although the signals that were
tested varied in a wide variety of ways including length,
hydrophobicity, and net charge, at least one key prop-
erty that influences translocation may be its function in
gating the translocon.

To test this idea more directly, we compared the bio-
genesis of Ang, Prl, PrP, and GH when fused to two
signal sequences that differ only in their translocon gat-
ing properties. We chose the wild-type PrP signal and
the N2 mutant signal because they have been well char-
acterized by in vitro assays and found to be similar in
sequence and behave identically in all functional assays
except translocon gating (Figures 1 and 2). Expression
in cultured mammalian cells of each of these substrates
fused to the two different signals and analysis of newly
synthesized protein by pulse labeling revealed that Prl,
GH, and PrP, but not Ang, were substantially affected
by the choice of signal sequences (Figure 6C). Both GH
and Prl showed a significant amount of precursor when
fused to the N2 but not wild-type PrP signal. By contrast,
Ang displayed very similar patterns (with little or no
precursor generated) regardless of whether it contained
the N2 or wild-type PrP signal. PrP showed not only
precursor accumulation, but also a different pattern of
glycosylation.

Pulse-chase analysis revealed that with the N2 signal,
Prl and GH secretion was reduced by approximately
40% and 70%, respectively, of that observed with the
wild-type PrP signal (Figure 6D). By contrast, Ang secre-
tion was essentially identical with both signals (Figure
6D). This is consistent with the observed precursor for
Prl and GH containing the N2 signal (Figure 6D), and the
observation that in vitro, N2-Ang is translocated with
higher efficiency (>50%) than either N2-Prl or N2-GH
(<10%; data not shown). These data demonstrate that
the N2 mutant signal has a substantial effect on the
translocation of some substrates (such as PrP, GH, and
Prl, which apparently require and thus naturally contain
efficiently gating signals). By contrast, the N2 signal is
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Figure 6. Consequences of Altered Signal-Mediated Gating for Protein Biogenesis

(A) Constructs encoding fusions of various signal sequences (indicated on top) with various mature domains (indicated at left) were transiently
expressed in COS-7 cells, pulse labeled with *S-methionine for 5 min, and the labeled products captured by immunoprecipitation. Substantial
amounts of precursor could be detected in several of the PrP, Prl, and GH constructs, but not the Ang constructs. The positions of precursor
(open arrowheads), processed (filled arrowheads), and glycosylated (brackets) species are indicated. The various precursor species migrate
slightly differently from each other due to differences in their respective signal sequence lengths.

(B) Pulse-chase analysis of Prl containing the Prl, leptin, or osteopontin signals. Following pulse labeling with *S-methionine for 10 min, cells
were incubated with excess unlabeled methionine for the indicated times prior to immunoprecipitation of the labeled Prl from the media and
cell lysate, as indicated.

(C) Newly synthesized Prl, PrP, Ang, and GH fused to either the wild-type PrP signal or N2 signal were transiently expressed in COS-7 cells
and analyzed by pulse labeling as in (A). A marker for the position of precursor was generated by in vitro translation (i.v.) and also analyzed.
(D) The secretion efficiency of Prl, Ang, and GH containing either the wild-type PrP (squares) or N2 (circles) signals was determined by a
pulse-chase analysis similar to (B) above. Plotted are the relative amounts of each protein in the cells (solid symbols) versus media (open
symbols) and expressed as a percent of the total synthesized after the initial pulse. For Ang, we consistently observed a higher degree of
recovery of the secreted product than the cellular product (and hence values higher than 100% of total synthesized chains are observed at
later time points), likely due to more efficient immunoprecipitation of the secreted antigen. Also note that Ang and GH are secreted with
substantially slower kinetics than Prl, and that GH is secreted less efficiently than either Prl or Ang.

largely adequate to direct the translocation of a sub-
strate such as Ang that appears not to absolutely require
an efficiently gating signal, and naturally contains a sig-
nal that is either inefficient or slow in mediating gating.
Thus, by altering solely the gating property of a signal
sequence, the biogenesis of some, but not other sub-
strates, can be substantially affected.

Discussion

In this study, we have addressed the question of whether
the wide sequence diversity of N-terminal signal se-
quences is accompanied by physiologically relevant dif-
ferences in their function. To do this, we have developed
a simplified assay to quantitatively assess the posttar-
geting signal sequence function involving translocon
gating. Comparisons between a variety of mammalian

substrates revealed that the gating function of their sig-
nal sequences is remarkably variant. That these differ-
ences are physiologically relevant, and not just random
variation, was supported by three lines of evidence.
First, the substrate-specific features of the gating func-
tion of the signal were demonstrated experimentally to
be evolutionarily conserved for several proteins. Sec-
ond, the mature domains of proteins were shown to
have different gating requirements, which are precisely
matched by their evolutionarily conserved natural signal
sequences. And third, altering the gating property of a
protein’s signal sequence, even within the range ob-
served for naturally occurring signals, can result in a
substantial change in the biogenesis of the substrate.
Thus, our findings suggest that the highly diverse set of
signal sequences observed for secretory and membrane
proteins does not simply represent sequence degener-
acy secondary to minimal constraints, but instead a
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substrate-specific functional diversity that, in many
cases, is important to the protein’s biogenesis and
function.

Targeting and Gating Are Differentially Encoded

This study provides evidence that at least three steps
in signal sequence function can be experimentally dis-
criminated, and dissociated with mutations in the signal
(Figure 1; Table 1). The ability of the PrP reporter assay
to measure a posttargeting, post-salt-resistant signal
sequence function in the opening of the translocon to
the lumen (operationally defined as gating throughout
this study) was critical to identifying differences in func-
tion between various signal sequences. This is because
the principal point of difference between natural signal
sequences was discovered to lie at this step (Figure 3).
By contrast, it appears that targeting and transfer (in a
salt-resistant manner) to the translocon are steps that
are quite similar among various signals. Thus, all signal
sequences appear to carry out some functions uniformly
while simultaneously displaying distinctive features for
other functions. Together, these observations suggest
that the different functions of a signal sequence are
encoded by different and perhaps partially overlapping
features within the sequence.

This idea is consistent with the previous analysis of
the Prl(A13-15) signal mutant (Jungnickel and Rapoport,
1995), which suggested that perhaps the recognition of
the signal by the Sec61 complex was more stringent
than the recognition event involving SRP. At present, it
is not clear how translocon gating is encoded within
a signal. Examination of the sequences of the various
signals and mutants analyzed in this study did not reveal
an obvious correlation between particular sequence ele-
ments and gating function. Both a larger data set as
well as systematic mutagenesis studies will be required
to address this issue in more depth.

Previous studies of the second signal recognition step
by the translocon indicated that, at least for Prl, the
Sec61 complex was necessary and sufficient (Jung-
nickel and Rapoport, 1995). At present, it is not clear
whether other signal sequences are also recognized
solely by the Sec61 complex, or if additional factors are
involved. In support of the latter, it has been shown that
TRAM stimulates the translocation of some but not other
substrates in a signal sequence-dependent manner
(Voigt et al., 1996) and is able to interact with a different
region of a signal sequence than Sec61a (High et al.,
1993; Mothes et al., 1994). Thus, it is plausible that the
regions of the signal contacted by these different pro-
teins are sufficiently different from substrate to sub-
strate to have an effect on translocon gating. In addition,
interactions of multiple proteins with various domains
of a signal sequence may provide an explanation for
how signals that are not discriminated by SRP can be
distinguished by the translocon. Future studies analyz-
ing the behavior of various signal sequences in proteoli-
posomes containing subsets of ER proteins will be re-
quired to determine how functionally different signals
are discriminated by different components of the
translocon.

Substrate-Specific Matching of the Signal

Sequence and Mature Domain

In addition to substantial variations in the gating proper-
ties of signal sequences, we find that mature domains
vary in their gating requirements. Some mature domains,
such as those from Prl or PrP, appear to require an
efficiently gating signal sequence to facilitate their trans-
location, while others, such as those from Ang or Ifn-v,
can be translocated with weakly gating signals. Ang can
be translocated, not only with its own weakly gating
signal sequence, but also with completely unrelated sig-
nal sequences with similar or higher gating activity. Simi-
larly, Prl can be translocated equally well with both its
natural and unrelated signal sequences, as long as they
possess efficient gating activity. These observations
provide strong evidence that the gating requirements
of a mature domain are functionally matched with its
signal sequence. Thus, the critical feature of a signal
sequence that appears to be required for efficient trans-
location is its gating property.

Consequences for protein translocation are seen
when the gating property of a signal sequence is mis-
matched with the requirements of the ensuing mature
region. Indeed, this principle is, in retrospect, the mech-
anistic basis behind the PrP-based reporter assay for
gating. The data indicate that the PrP mature domain
is moderately difficult to translocate. Thus, while an effi-
ciently gating signal sequence such as that from Prl can
result in efficient N-terminal translocation (and hence
very little generation of the Ctm topologic form), even
slightly less efficiently gating signals are readily de-
tected as a decrease in the N-terminally translocated
topologic forms. The Prl and GH mature domains also
appear to be relatively difficult to translocate, and hence
are sensitive (to varying degrees) to having weakly gat-
ing signal sequences. This would explain why their natu-
ral signal sequences are highly conserved to be effi-
ciently gating. By contrast, the Ang mature domain is
relatively easy to translocate and is therefore not nearly
as sensitive as PrP, Prl, or GH to having weakly gating
signals. Thus, its natural signal sequence is itself rela-
tively weakly gating. Why its weakly gating property
should be evolutionarily conserved remains unclear at
present.

An Explanation for the Sequence Diversity

of Signals

The posttargeting functional differences between signal
sequences, their substrate-specific evolutionary con-
servation, and the observed adverse effects on protein
biogenesis of altering this function together provide an
explanation for the long-observed sequence diversity
of signals. While the sequence requirements for SRP
recognition and targeting appear to be quite general,
we would propose that the encoding of specific gating
information within the same sequence element may add
substantially more constraints. Because different sub-
strates appear to require different gating properties,
they each would need signal sequences unique to fea-
tures of the respective mature proteins. Such a hypothe-
sis would reconcile the substantial divergence of signal
sequences of different proteins (von Heijne, 1985) with
the surprising degree of conservation across species
for a given substrate (Williams et al., 2000; Figure 4).
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Several previous observations have also suggested
that the signal sequences of some proteins are particu-
larly unusual in ways that may be specialized for their
respective substrates. For example, it has been ob-
served that some signal sequences, after cleavage, can
bind to calmodaulin in the cytosol (Martoglio et al., 1997).
Other signals are either inefficiently or alternatively
cleaved (Li et al., 1996; Kurys et al., 2000; Rehm et al.,
2001), perhaps to modulate the length of time the protein
is retained at the translocon or within the ER. Alterna-
tively, the prolonged exposure of the nascent chain to
the cytosol conferred by an inefficient or slowly gating
signal sequence may provide increased opportunity to
generate a cytosolic form of certain proteins, or under
some conditions, to cotranslationally reroute the sub-
strate to a degradative pathway. Precedence exists for
proteins residing in multiple compartments (Dedhar,
1994; Holaska et al., 2001; Johnson et al., 2001) or being
cotranslationally tagged for degradation (Sato et al.,
1998; Zhou et al., 1998; Turner and Varshavsky, 2000).
Whether or not the molecular basis of these observa-
tions involves unique functional features of their respec-
tive signal sequences will require further study.

Experimental Procedures

Plasmid Constructions

A PrP cassette in the pSP64 vector (Promega) containing unique
Bgl2 and Bbs1 sites in place of the signal sequence was generated
by PCR mutagenesis. Synthetic oligonucleotides were inserted into
these sites to generate fusions of the various wild-type and mutant
signal sequences to wild-type PrP. Signal fusions to PrP(A120L)
were generated by replacement of the Bsu36l to EcoR1 fragment
of PrP with the corresponding domain from PrP(A120L) (Kim et
al., 2001). To fuse various mature domains behind a given signal
sequence, the signal was first engineered by PCR into pCDNA 3.1
with a unique Pst1 site following the signal. Mature domains, gener-
ated by PCR, were ligated to the Pst1/Xba1-digested plasmid (with
the 3’ extension of the Pst1 site removed). Sequences for the Ang,
PrP, Prl, and GH mature domains were from human, hamster, bovine,
and rat, respectively. All signal sequence-mature domain fusions
were precise and did not contain any additional codons at the fusion
sites. Plasmids were verified by automated sequencing.

In Vitro Translocation Assays

Qualitative and quantitative assessment of PrP topology by translo-
cation and protease protection assays in rabbit reticulocyte lysate
(RRL) using canine pancreatic rough microsomal membranes (RMs)
were performed exactly as described (Kim et al., 2001). In all of
these experiments, an acceptor peptide inhibitor of glycosylation
was included to simplify the analysis. The assignment of the N- and
C-terminal fragments indicative of the Ntm and Ctm topologic forms
has been described (Hegde et al., 1998). Translation intermediates
of defined lengths were generated by translation of truncated mes-
sages generated from cDNAs digested in the coding region with
appropriate restriction enzymes: 91- and 112-mers of PrP and mu-
tants (Kpn1 and NgoM4, respectively) and 86-mer of preprolactin
(Pvu2). Translation intermediates were generated in RRL in the pres-
ence or absence of RMs as indicated in the figure legends, at 32°C,
for 10-30 min. Nascent chains were isolated by sedimentation in a
TL100.1 rotor (100,000 rpm for 15 min or 50,000 rpm for 5 min to
isolate the RMs) through a 100 p.l 0.5 M sucrose cushion in physio-
logic salt buffer (PSB; 100 mM KAc, 50 mM HEPES [pH 7.4], 5 mM
MgAc,). Translation reactions to measure salt-resistant binding were
adjusted to 0.5 M KAc and sedimented (50,000 rpm for 4 min)
through a 100 pl 0.5 M sucrose cushion in PSB containing 0.5 M
KAc. Sedimented nascent chains were resuspended in PSB con-
taining 0.25 M sucrose prior to further manipulations. Crosslinking
was with 0.5 mM disuccinimidyl suberate (Pierce) at 23°C for 30

min. In Figure 1A, the reaction was quenched with 0.1 M Tris (pH 8)
and analyzed directly. In Figure 1D, samples were adjusted to 0.1 M
Tris (pH 8), 1% saponin, 10 mM EDTA and sedimented (100,000 rpm
for 15 min) over a 100 pl 0.5 M sucrose cushion in PSB, and the
lumenal proteins in the supernatant were precipitated with 15%
trichloroacetic acid and washed once in acetone before analysis.
The membrane proteins in the pellet were analyzed directly. Treat-
ment with puromycin (Calbiochem) was with 1 mM for 15 min at
25°C (Figure 1E). Proteolysis was with 0.5 mg/ml proteinase K (PK;
Merck) on ice for 60 min. Reactions were terminated with 5 mM
PMSF and rapidly transferred to ten volumes of boiling 1% SDS,
0.1 M Tris (pH 8).

Cell Culture Studies

COS-7 and NIH3T3 cells were maintained at 37°C in a humidified
incubator containing 5% CO, and grown in DME-H21 containing
10% fetal bovine serum and antibiotics (GIBCO). Transfection was
with Fugene-6 (Roche) as directed by the manufacturer. Tranfected
cells were analyzed between 24 and 60 hr after transfection. Detec-
tion of products by immunoblotting (Harlow and Lane, 1988) utilized
horseradish peroxidase-conjugated secondary antibodies (Amer-
sham) and Supersignal chemiluminescence substrate (Pierce). The
following antibodies were each utilized at a dilution of either 1:5000
(immunoblotting) or 1:1000 (immunoprecipitation): rabbit anti-Ang
and rabbit anti-GH (ICN), rabbit anti-Prl (USB or ICN), and 3F4 mouse
monoclonal anti-PrP (a gift from S.B. Prusiner; Rogers et al., 1991).
For pulse labeling, cells were washed once with and preincubated
for 5 min in prewarmed (37°C) methionine and serum-free DME-H21
before labeling with 400 p.Ci/ml of *S-methionine/cysteine (Transla-
bel; ICN). Chase, if indicated, was performed by replacing the label-
ing media with low-serum media (OMEM; GIBCO) containing 1 mM
methionine. Cells were harvested by rinsing twice with PBS (room
temperature) and scraping into 100 pl (per well of a six-well dish)
of 1% SDS, 0.1 M Tris (pH 8). Proteins in the media were collected
by precipitation with 15% trichloroacetic acid, washed in acetone,
and dissolved in 1% SDS, 0.1 M Tris (pH 8). Samples were heated
to 100°C, diluted 10-fold with 1% Triton X-100, 50 mM HEPES (pH
7.4), 100 mM NacCl, clarified at 20,000 X g for 10 min, and antigens
were immunoprecipitated with the appropriate antibodies (see
above) essentially as described (Harlow and Lane, 1988).

Miscellaneous

Sequences of proteins were obtained from searches of the NCBI
databases (www.ncbi.nim.nih.gov). Sites of signal cleavage were
either obtained from the annotations of the database sequence, or
if not annotated, by alignment with a homologous protein whose
signal cleavage site was known. Sequence alignments were per-
formed with the ClustalW algorithm (Thompson et al., 1994) using
Macvector software (Kodak). Percent homology, for the purposes
of Figure 4D, was defined as percent of identical residues plus 0.5
times the percent of similar residues. SDS-PAGE was either on 12%
Tris-Tricine minigels or 10% Tris-Glycine minigels. Unless specifi-
cally indicated above, laboratory chemicals were of the highest
quality available from either Sigma, ICN, or Mallinckrodt. Enzymes
for molecular cloning were from New England Biolabs, except for
Pfu polymerase, which was from Stratagene.

Acknowledgments

We thank Harris Bernstein, Brigitte Bogert, and Erik Snapp for valu-
able and constructive comments on this manuscript, Tom Rutkowski
and Erik Snapp for stimulating discussions, and Doug Lowy and
Paul Randazzo for support and encouragement.

Received June 18, 2001; revised December 14, 2001.
References

Batey, R.T., Rambo, R.P., Lucast, L., Rha, B., and Doudna, J.A.
(2000). Crystal structure of the ribonucleoprotein core of the signal
recognition particle. Science 287, 1232-1239.

Beckmann, R., Bubeck, D., Grassucci, R., Penczek, P., Verschoor,
A., Blobel, G., and Frank, J. (1997). Alignment of conduits for the



Translocon Gating by Signal Sequences
217

nascent polypeptide chain in the ribosome-Sec61 complex. Science
278, 2123-2126.

Bernstein, H.D., Poritz, M.A., Strub, K., Hoben, P.J., Brenner, S., and
Walter, P. (1989). Model for signal sequence recognition from amino-
acid sequence of 54K subunit of signal recognition particle. Nature
340, 482-486.

Crowley, K.S., Reinhart, G.D., and Johnson, A.E. (1993). The signal
sequence moves through a ribosomal tunnel into a noncytoplasmic
aqueous environment at the ER membrane early in translocation.
Cell 73, 1101-1115.

Crowley, K.S., Liao, S., Worrell, V.E., Reinhart, G.D., and Johnson,
A.E. (1994). Secretory proteins move through the endoplasmic retic-
ulum membrane via an aqueous, gated pore. Cell 78, 461-471.

Dedhar, S. (1994). Novel functions for calreticulin: interactions with
integrins and modulation of gene expression? Trends Biochem. Sci.
19, 269-271.

Hanein, D., Matlack, K.E., Jungnickel, B., Plath, K., Kalies, K.U.,
Miller, K.R., Rapoport, T.A., and Akey, C.W. (1996). Oligomeric rings
of the Sec61p complex induced by ligands required for protein
translocation. Cell 87, 721-732.

Harlow, E., and Lane, D. (1988). Antibodies: A Laboratory Manual
(Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press).

Hartmann, E., Rapoport, T.A., and Lodish, H.F. (1989). Predicting
the orientation of eukaryotic membrane-spanning proteins. Proc.
Natl. Acad. Sci. USA 86, 5786-5790.

Hegde, R.S., Mastrianni, J.A., Scott, M.R., DeFea, K.A., Tremblay,
P., Torchia, M., DeArmond, S.J., Prusiner, S.B., and Lingappa, V.R.
(1998). A transmembrane form of the prion protein in neurodegener-
ative disease. Science 279, 827-834.

High, S., Martoglio, B., Gérlich, D., Andersen, S.S., Ashford, A.J.,
Giner, A., Hartmann, E., Prehn, S., Rapoport, T.A., Dobberstein, B.,
and Brunner, J. (1993). Site-specific photocross-linking reveals that
Sec61p and TRAM contact different regions of a membrane-inserted
signal sequence. J. Biol. Chem. 268, 26745-26751.

Holaska, J.M., Black, B.E., Love, D.C., Hanover, J.A,, Leszyk, J., and
Paschal, B.M. (2001). Calreticulin is a receptor for nuclear export.
J. Cell Biol. 152, 127-140.

Johnson, A.E., and van Waes, M.A. (1999). The translocon: a dy-
namic gateway at the ER membrane. Annu. Rev. Cell Dev. Biol. 15,
799-842.

Johnson, S., Michalak, M., Opas, M., and Eggleton, P. (2001). The
ins and outs of calreticulin: from the ER lumen to the extracellular
space. Trends Cell Biol. 717, 122-129.

Jungnickel, B., and Rapoport, T.A. (1995). A post-targeting signal
sequence recognition event in the endoplasmic reticulum mem-
brane. Cell 71, 489-503.

Keenan, R.J., Freymann, D.M., Walter, P., and Stroud, R.M. (1998).
Crystal structure of the signal sequence binding subunit of the signal
recognition particle. Cell 94, 181-191.

Kim, S.J., Rahbar, R., and Hegde, R.S. (2001). Combinatorial control
of prion protein biogenesis by the signal sequence and transmem-
brane domain. J. Biol. Chem. 276, 26132-26140.

Kurys, G., Tagaya, Y., Bamford, R., Hanover, J.A., and Waldmann,
T.A. (2000). The long signal peptide isoform and its alternative pro-
cessing direct the intracellular trafficking of interleukin-15. J. Biol.
Chem. 275, 30653-30659.

Li, Y., Bergeron, J.J., Luo, L., Ou, W.J., Thomas, D.Y., and Kang,
C.Y. (1996). Effects of inefficient cleavage of the signal sequence
of HIV-1 gp120 on its association with calnexin, folding, and intracel-
lular transport. Proc. Natl. Acad. Sci. USA 93, 9606-9611.
Martoglio, B., Graf, R., and Dobberstein, B. (1997). Signal peptide
fragments of preprolactin and HIV-1 p-gp160 interact with calmodu-
lin. EMBO J. 16, 6636-6645.

Mothes, W., Prehn, S., and Rapoport, T.A. (1994). Systematic prob-
ing of the environment of a translocating secretory protein during
translocation through the ER membrane. EMBO J. 13, 3973-3982.

Mothes, W., Jungnickel, B., Brunner, J., and Rapoport, T.A. (1998).

Signal sequence recognition in cotranslational translocation by pro-
tein components of the endoplasmic reticulum membrane. J. Cell
Biol. 142, 355-364.

Potter, M.D., and Nicchitta, C.V. (2000). Regulation of ribosome de-
tachment from the mammalian endoplasmic reticulum membrane.
J. Biol. Chem. 275, 33828-33835.

Rapoport, T.A., Jungnickel, B., and Kutay, U. (1996). Protein trans-
port across the eukaryotic endoplasmic reticulum and bacterial in-
ner membranes. Annu. Rev. Biochem. 65, 271-303.

Rehm, A., Stern, P., Ploegh, H.L., and Tortorella, D. (2001). Signal
peptide cleavage of a type | membrane protein, HCMV US11, is
dependent on its membrane anchor. EMBO J. 20, 1573-1582.
Rogers, M., Serban, D., Gyuris, T., Scott, M., Torchia, T., and Prusi-
ner, S.B. (1991). Epitope mapping of the Syrian hamster prion protein
utilizing chimeric and mutant genes in a vaccinia virus expression
system. J. Immunol. 147, 3568-3574.

Rutkowski, D.T., Lingappa, V.R., and Hegde, R.S. (2001). Substrate-
specific regulation of the ribosome-translocon junction by N-termi-
nal signal sequences. Proc. Natl. Acad. Sci. USA 98, 7823-7828.
Sato, S., Ward, C.L., and Kopito, R.R. (1998). Cotranslational ubiqui-
tination of cystic fibrosis transmembrane conductance regulator in
vitro. J. Biol. Chem. 273, 7189-7192.

Simon, S.M., and Blobel, G. (1991). Signal peptides open protein-
conducting channels in E. coli. Cell 69, 677-684.

Sipos, L., and von Heijne, G. (1993). Predicting the topology of
eukaryotic membrane proteins. Eur. J. Biochem. 273, 1333-1340.
Thompson, J.D., Higgins, D.G., and Gibson, T.J. (1994). CLUSTAL
W: improving the sensitivity of progressive multiple sequence align-
ment through sequence weighting, position-specific gap penalties
and weight matrix choice. Nucleic Acids Res. 22, 4673-4680.
Turner, G.C., and Varshavsky, A. (2000). Detecting and measuring
cotranslational protein degradation in vivo. Science 289, 2117-2120.
Voigt, S., Jungnickel, B., Hartmann, E., and Rapoport, T.A. (1996).
Signal sequence-dependent function of the TRAM protein during
early phases of protein transport across the endoplasmic reticulum
membrane. J. Cell Biol. 134, 25-35.

Volkmer, J., Guth, S., Nastainczyk, W., Knippel, P., Klappa, P., Gnau,
V., and Zimmerman, R. (1997). Pancreas specific protein disulfide
isomerase, PDIp, is in transient contact with secretory proteins dur-
ing late stages of translocation. FEBS Lett. 406, 291-295.

von Heijne, G. (1985). Signal sequences. The limits of variation. J.
Mol. Biol. 184, 99-105.

Walter, P., and Johnson, A.E. (1994). Signal sequence recognition
and protein targeting to the endoplasmic reticulum membrane.
Annu. Rev. Cell Biol. 70, 87-119.

Williams, E.J., Pal, C., and Hurst, L.D. (2000). The molecular evolution
of signal peptides. Gene 253, 313-322.

Zheng, N., and Gierasch, L.M. (1996). Signal sequences: the same
yet different. Cell 86, 849-852.

Zheng, T., and Nicchitta, C.V. (1999). Structural determinants for
signal sequence function in the mammalian endoplasmic reticulum.
J. Biol. Chem. 274, 36623-36630.

Zhou, M., Fisher, E.A., and Ginsberg, H.N. (1998). Regulated co-
translational ubiquitination of apolipoprotein B100. A new paradigm
for proteosomal degradation of a secretory protein. J. Biol. Chem.
273, 24649-24653.



